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In this paper, an experimental method is described to identify the stiffness variations produced by
drillings done in different supporting substances of a human canine tooth. To measure the supporting
substances parameters through of a canine, a sensor-actuator system was developed. The sensor-actuator
device was composed of a stainless steel bracket bonded to a steel wire attached to two piezoelectric
transducers, with a concentrated mass attached to the end of the wire. To excite the device, high frequency voltage (between 5 and 10 KHz) was applied through the piezo-transducers, which affects the
tooth by means of the vibration of the wire. High frequency mechanical vibrations allowed the appraisal
of the mechanical response from the supporting substances. Mechanical responses associated with the
stiffness of the support were quantiﬁed with the electrical impedance of the piezo-transducers. The
device was coupled to the crown of a canine tooth simulating a condition of ﬁxing as in the bone, the
tooth was fastened by the root portion inside the supporting substance. Four supporting substances were
characterized for the tests. After establishing base values of the stiffness of each supporting substance,
the stiffness variations were assessed in two stages (two drillings); these were made perpendicularly to
the longitudinal axis of the tooth, Results show that it is possible to assess stiffness variations with the
proposed methodology as well as to quantify the stiffness differences, by means of variation indexes.
© 2017 Faculty of Oral & Dental Medicine, Future University. Production and hosting by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction
Orthodontic treatments have helped to correct discrepancies in
dento-maxillary with the aim to modify the teeth positions and
maxilla-facial growth, by means of mechano-biological intervention of related structures. In orthodontic treatment, teeth are
moved to a favorable position, a procedure that can be done in
months or years, depending on ﬁnal location. Orthodontic tooth
movement (OTM) is due to biological events that take place in the
alveolar bone when mechanical forces are applied to the teeth. The
alteration of structural environment in the bone structure produces
changes on it during the treatment [16,31]. Alveolar bone fraction
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and tissue mineral density can vary by age, during OTM and
metabolic processes among others [6,9,37,40]. The fact that bone
tissue is an ever-adapting structure, responding to a wide range of
external and internal stimuli, contributes to the complexity
involved in studying its behavior. Researchers face a daunting task
when seeking better understanding of how different factors affect
its metabolism, especially because continuous modeling, remodeling and adaptation processes of bone structures inherently
imposes the need for repeated
intra-subject assessment of bone mineral density (BMD). To study
the effects of age [13,25], sex [5,39], diet [11,28,29], physical loading
[7,20], systemic health [2,12,22], environmental factors [3,15,18], on
BMD, reliable measurements must be performed on live human
subjects. Techniques for BMD assessment include Radiogrammetry
(RG), Compton Scattering Technique;
Radiographic Photodensitometry (RP); Dual-energy Photon Absorptiometry (DPA) among others [8]. In general, the majority of
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current techniques are considered invasive, since quantiﬁcation of
bone density involves the use of ionizing radiation (X rays), validating the need for development of a more conservative method to
evaluate variations in BMD that permit repeated intra-subject
valuation.
Electromechanical phenomenon provided by piezoelectric
transducers (PT) have evidenced a great potential in different engineering applications. In the structural ﬁeld, PT helps to evaluate,
identify, classify and estimate different structural conditions as it
has been proven in different engineering ﬁelds as for example;
Non-Destructive Evaluation (NDE), Structural Health Monitoring
(SHM) and Control among others [23,32,34,38,42]. In these ﬁelds,
different methodologies and techniques have been developed to
integrate and to use PT in the structures due to the electromechanical coupling that these present naturally. Specially, we can
mention a technique that has gained widespread attention in last
two decades as a result of its high local sensitivity, easy implementation and the nonparametric analysis that are constructed
with noncomplex theories; this is deﬁned as the electromechanical
impedance technique (EMI). EMI technique is applied in structural
identiﬁcation and monitoring conditions in real-time which has
demonstrated a great capacity and sensitivity of capturing structural variations with high frequency vibrations [14,21,41]. Actually,
different applications are being explored in the bio-medical ﬁeld,
such as the use of biomedical sensors for monitoring condition of
bones, through experimental studies on human and rabbit bones as
it was experimented in the study of [4]; where the changes in the
EMI signatures correlated fairly well variations in the condition of
the bones. Additionally [26,27], proposed a technique for monitoring dental implant stability applying the EMI technique. The
method involved bonding a piezoelectric transducer to the implant
in which the electrical admittance was measured to evaluate its
stability, which in turn was correlated with the mechanical parameters of the bone. This shows that exists an opportunity to
apply the EMI technique in the monitoring of different biological
structures.
This paper presents an experimental technique that permits to
identify the stiffness variations produced by drillings in supporting
substances chosen for a human canine tooth. The supporting substances simulate the bone structure in the experiments. A bracketBeam-Piezoelectric sensor system is developed to measure stiffness
parameters of the supporting substances through of a human
canine tooth. The main motivation of this study is to search lesser
invasive, cost and time effective technologies to identify bone
mineral density (BMD) variations as a future application.

2. Materials and methods
2.1. Electromechanical impedance principles in piezo-transducers
Electrical impedance Zp ðuÞ describes a measure of resistance to
the current i (alternant current/AC) when a harmonic voltage V is
applied on the electrical circuit. The electrical impedance depends
on the elements that compose a circuit and therefore we can have
electrical resistances (R), inductances (L) and capacitances inside it.
The combination of these elements deﬁne the behavior of a circuit
in the time or in the frequency domain. An illustration of a series
circuit is depicted in Fig. 1a, in which an alternant voltage is applied
on it. In the frequency spectrum, the electrical constants (R, L and C)
act as vector quantities in a complex system, therefore it is possible
to establish an impedance triangle, as illustrated in Fig. 1b; such
that f is the phase and Zp ðuÞ is the magnitude of the electrical
impedance. Depending on the nature of the circuit (frequency
domain), capacitance and inductance take the name of capacitive
and inductive reactance, which represent the imaginary part and
the resistance the real part. By deﬁnition, we can brieﬂy mention
that the electrical impedance is a parameter that it does not depend
on the voltage input neither the current output or vice versa.
Additional information about the electrical impedance principles
can be reviewed in study done by Ref. [19].
It is well known that electrical properties of the piezoelectric
transducers (PT) are coupled to the mechanical properties due to
the electromechanical phenomenon. For example, when a piezotransducer is deformed; electrical charges are produced through
the poling direction or when an electrical ﬁeld is applied on it
changes its shape [33]. According to [30]. PT can be analyzed as an
open electrical circuit or short circuit, respectively. If a piezotransducer is connected to an electrical circuit, this is considered
as a resistive-capacitive element [17]. It means that there is no
inductance in a piezo-transducer. Then, the properties of electrical
circuits satisfy to the PT. Therefore, the electrical impedance ZPE ðuÞ
is composed by a real part (resistance R) and an imaginary part
(reactance X) and it may be described as

ZPE ðuÞ ¼

V
¼ R þ Xj;
i

(1)

where u is the frequency, X is the reactance which can be inductive
and capacitive; being V and i the input voltage and output current.
In practical terms, the constants inside X can be determined using a
parameter identiﬁcation from the electrical impedance.
Fig. 2a shows a simple model that couples a mechanical system

Fig. 1. a) Series combination of LCR circuit (resistance R, inductance L and capacitance C). b) Impedance triangle for RLC circuit [34].
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Fig. 2. a) Electromechanical scheme piezo-transducer-structure. b) Coupled electromechanical system of one degree of freedom [17,32,35].

Fig. 3. a) Supporting substance dimensions (green gypsum). b) Modiﬁcation of the stiffness by stages with two perforations.

with an electrical system [17]. determined electromechanical
admittance (inverse of electrical impedance ZPE ðuÞ) of this dynamic
system and they obtained a one-dimensional model of a piezotransducer sheet bonded to a structure as follows:

YPE ðuÞ
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where, hp is the thickness, lp is the length, wp is the width of the
piezoelectric sheet, d31 is the piezoelectric strain coefﬁcient corresponding to xð1Þ  zð3Þ coordinates, yE ¼ yE ð1 þ hÞ is the complex Young's modulus of the piezoelectric sheet, at constant electric
ﬁeld and es ¼ es ð1 þ dÞ is the complex electric permittivity of the
piezoelectric material at constant stress. h and d denote both mechanical loss and dielectric loss factors. ZpM ðuÞ and ZsM ðuÞ are the
mechanical impedances of the piezo-sheet and structure. Equation
(2) shows that the mechanical impedances of both structures are
coupled to the electrical admittance. It is important to acknowledge
that mechanical impedance reﬂects the properties of a linear vibration system. Therefore, they do not depend upon external forces
nor displacements. The dependency may occur only if the dynamic
system has a nonlinear behavior, such as friction or material dependency on frequency. A detailed description of modal analysis
can be reviewed in Ref. [10].

2.2. Supporting substances for a human canine tooth
For the experimental tests, a human canine was chosen as the
main structure and this was ﬁxed to different supporting substances; as shown in Fig. 3. Four supporting substances were prepared and the materials are listed in Table 1. The materials used
were; white gypsum, green gypsum, transparent acrylic, and black
silicone. Dimensions of each supporting substance are depicted in
Fig. 3a. The preparation of the specimens was performed on a
standard mold made for this purpose. Preparation time of each
specimen is described in Table 1. Tooth location and position was
standardized using a rubber template over which the canine was
located at the center of each substance. To avoid inﬂuences of
factors in the experiments; one canine was used in all the supporting substances. Subsequently, a stainless steel bracket was
bonded at the center of the buccal surface of the canine crown. The
slot of the bracket is the place determined for retain the electromechanical device that it will be used as sensor-actuator, as
described in Fig. 4. Each supporting substance was modiﬁed in two
stages (two drilling holes 1/16 in of diameter); ﬁrst a hole A and
then a hole B, as described in Fig. 3b. However, the complete procedure that explains the stiffness variation will be exposed in the
next subsection.
With this procedure, we pretend simulate the bone structure
with the different supporting substances with the aim to establish a
methodology that identiﬁes changes in the stiffness of each supporting substance. These modiﬁcations could be interpreted in a
real application real as bone changes.
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Table 1
Materials for the supporting substances.
Material

Proportion

Curing time

Commercial house

Black silicone (Type I)
Hard Rock 2 (White gypsum)
Hard Rock 5 (Green gypsum)
Transparent Acrylic

60 ml
100 g/in powder for 40 ml of water
100 g/in powder for 40 ml of water
Monomer 60 ml/polymer 60 ml

24 h
5-7 min
10 min
15 min

Sikasil®
General plaster®
Whip Mix®
Veracril®

Fig. 4. a) Working principle of the BBPS device. b) Dimensions and drawing of the BBPS device.

2.3. Experimental setup
In this section is presented an electro-mechanical device to
evaluate the structure canine/supporting substances by means of
EMI technique. A schematic drawing of the fundamental working
principle of an electromechanical device it is shown in Fig. 4a. The
working principle of the device is the following; a beam was
clamped in a canine tooth by mean of a bracket; on the beam, there
is a system of excitation by mechanical vibrations that transmit the
motions until to move the tooth inside the material where it was
immersed. Depending on conditions of the material, this should
induce perturbations that can be captured by the electromechanical device since it affects the dynamic of the system (BBPS). To
apply the principle mentioned anteriorly, an electro-mechanical
device was designed; this is composed by a bracket and in its slot
a beam made of 0.017  0.025 in2 stainless steel wire used in orthodontics treatments is bonded. Piezoelectric patches were
bonded to the wire with epoxy adhesive forming a composite joint.
Finally, a mass was added to complete an inertial system at the end
of the beam, as shown in Fig. 4b. Our device is called “bracketbeam-piezoelectric sensor” (BBPS). Piezo-transducers used in the
BBPS were acquired as SEN10293ROHS (SparkFun Electronics,
Niwot, CO.) [24], as shown in Fig. 5. In our study, BBPS was constructed with the intention of differentiating the stiffness variations
done in different supporting substances with an indirect measurement, provided by the electromechanical impedance of the
piezo-transducers. It is important to mention that BBPS was used in
other study proposed by Ref. [36].
To study the feasibility of stiffness variation in the supporting
substances, an experimental setup was proposed using the device
and a speciﬁc testing protocol applying the EMI technique was
established for the experiments. The experimental test included
four principal elements; 1. BBPS; 2. Canine; 3. supporting substance; and 4. measurement instrument (Impedance analyzer
AD5933) as illustrated in Fig. 5. The experimental tests were carried
out in the following sequence; BBPS was attached to a bracket

bonded to the canine crown specimen that was embedded in each
supporting substance. The objective is to move the beam-mass
mechanical system by the inertia produced when a harmonic
voltage emitted from an impedance analyzer AD5933 (Analog Devices Inc. Norwood, MA. [1]), activates the piezo-patches. Our
assumption and working hypothesis is that the beam-mass moves
the canine due to its bending, as consequence of the electromechanical coupling in the piezo-transducers produces mechanical
vibrations. For our experiments, we used an AD5933 evaluation
board as impedance analyzer, which measures the electrical
impedance and phase of the signatures emitted by the piezotransducers. The frequency spectrum deﬁned for the experiment
was deﬁned between 5 and 10 KHz, with increments of 10 Hz. We
conducted four rounds of experiments; each round was deﬁned by
three measurements; ﬁrst measurement is taken for the supporting
substance without holes, and the second one with hole A and the
third one with hole A and B. The drillings were made transversally

Fig. 5. Experimental setup.
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in each supporting substance; it means that the drilling passes from
one side to another.
2.4. Index lb
To make the EMI technique implementable to capture the differences among the electrical impedance signatures, an index was
designed for this purpose. As demonstrated by Ref. [36] resonance
peaks appear inside electrical impedance and these correspond to
the natural frequencies that reﬂect the mechanic behavior of the
BBPS device. Using the same procedure explained by Refs. [34,36];
therefore, let's consider an electrical impedance signal with a
resonant peak in a frequency interval; two characteristics can be
extracted in the resonant signal; the derivative of the electrical
impedance and the frequency resonant peak in the derivative as it
was explained and illustrated by Ref. [36]. Therefore, if the derivative is extracted in an observation window, we can characterize
the information by means of an index. Based on this idea, we
propose the following index to quantify the changes in the electrical impedance signal (electrical impedance), such that

pﬃﬃﬃ
2h
ﬃ  100½%;
lb ¼ sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Z u2
f ðuÞdu

(3)

u1

where h is the height of a Gaussian function dZðuÞ=du approximated for the numerical derivative of the electrical impedance
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dZðuÞ=du such that u2½u1 ; u2  As mentioned above, we propose to
approximate dZðuÞ=du by a Gaussian function that is represented
by the following equation
ðuuc Þ2
dZðuÞ
A
¼ y0 þ pﬃﬃﬃﬃﬃﬃﬃﬃﬃe 2w2 ; cu2½u1 ; u2 ;
du
w p=2

(4)

where y0 ; A; uc and w are constants. The identiﬁcation of the constants for each model will be obtained applying a procedure of least
square ﬁtting. To locate the approximate Gaussian functions a
calculation should be done in the following way,

f ðuÞ ¼



dZðuÞ
dZðuÞ
 min
; cu2½u1 ; u2 :
du
du

(5)

Equation (5) guarantee that the Gaussian functions will have as
minimum value zero.
3. Results and discussion
In Fig. 6a and b, four electrical impedance signals are shown,
those were taken for each supporting substances (Black silicone,
white gypsum, green gypsum, acrylic) with the BBPS device. Each
specimen was mounted in a press to constraint each supporting
substance, as depicted in Fig. 5. Each subﬁgure presents three
curves that correspond to a pristine supporting substance, a supporting substance with a drilling A and a third one which correspond to a support with drillings A and B. Each drilling represents a

Fig. 6. Electrical impedances of different supporting substances.
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Fig. 7. a) Gaussian approximations for dZðuÞ=du. b) Index lb for the different supporting substances.

structural modiﬁcation since the volume is diminished by the
drillings; this changes the stiffness of the support. In Fig. 6, there
are observed similar trends in all materials, except the signal for
green gypsum that does not have a resonant peak. A similar characteristic is given by each material since the electrical impedances
are displaced among them when the drilling are done in the supporting material. However, we can see that the frequency intervals
are different in each case. It means that the resonant peak correspond to BBPS and when the device is coupled to the supporting
substance, the coupling affects the resonant value as explained by
Ref. [36]. In each electrical impedance, there are seen different
aspects when the supporting substance is drilled. For example, the
impedance shifted backwards when the drilling A is done. This can
be veriﬁed in all cases shown in Fig. 6. Other characteristics are
considered in the level of impedance of the maximum and minimum values reached by the transition of the resonance in the
impedance signal. However, these changes can be taken by the
derivative of each signal by means of an index as proposed in
subsection 2.4.
In the EMI technique, structural modiﬁcation assessment is
quantiﬁed using statistical indices, such as the root mean square
deviation (RMSD), mean absolute percentage deviation (MAPD),
correlation coefﬁcient deviation (CCD) among others. In our case,
we design an index based on a Gaussian function called lb and
which was presented in section 2.4.
To calculate the index lb , ﬁrst one; it was necessary to approximate the derivative of the electrical impedance by means of a
Gaussian function (see Eq. (5)). In Fig. 7a are shown three approximations done for the white gypsum; which represent the
following cases; pristine, with hole A, with holes A and B. We can
observe that the approximated Gaussian functions present differences between them; for example the frequency peak value where
the higher amplitude is located as well as the amplitude value of
each approximation. These characteristics deﬁne the effects of the
stiffness variation in each substance. In Table 2, there are shown the

Table 2
Frequency value in the Gaussian peak.
Material

Frequency peak [Hz] (pristine)

Black silicone
Hard Rock 2 (White gypsum)
Hard Rock 5 (Green gypsum)
Transparent Acrylic

7836
7057
N/A
7333

frequency values of each pristine supporting substance. The differences of the approximations are quantiﬁed characteristics
calculating the index lb for all cases as shown in Fig. 7b. There is
observed that is possible differentiate each stiffness stage in each
supporting substance except in the black silicon for which the
values of lb are very close. Whereas, in the other cases the differences in the index are notable. For the white gypsum is seen a
comparable variation between 8 and 14% when the perforations
were made. In the other cases, the variations ﬁnd among 1 and 14%
(green gypsum); 12.5 and 14.5% (Acrylic). It demonstrates that the
proposed method was able to distinguish all different structural
conditions (pristine, hole A, holes A and B). It is important to denote
that the sensitivity is higher in the ﬁrst stage (drilling A) than in the
second stage (drilling A and B) since the variations are about 1 and
3%. However, the index values show a correspondence such that the
means present the following values 9:64±2:60% (pristine, green
gypsum is discarded), 11:84±2:60% (with drilling A) and
12:54±2:77% (with drilling A and B). For the data mentioned above,
the standard deviations present close values in all cases, respectively. It indicates that the taken measurements shows a similar
variability in each stiffness stage for each material. Then from
Fig. 7b, we can conclude that the stiffness modiﬁcation can be
identiﬁed in all cases except in the black silicon.
Another important characteristic to analyze, it is the frequency
value in the Gaussian peak (See Fig. 7a). Therefore, the frequency
changes were computed and these are illustrated in Fig. 8. There is
observed that in the ﬁrst modiﬁcation (drilling A), the frequency
values oscillates between 10 and 50 Hz approximately; and when
the two drillings were simultaneously made, the values ﬁnd among
10 and 40 Hz. It seen that a structural identiﬁcation procedure can
be established since when the supporting substances were drilled
the frequency values in the Gaussian peaks changed. In each stiffness variation, the mean values showed the following trends; for
drilling A (green gypsum is discarded) 31:70±22:50 Hz; drilling A
and B 31:25±13:40 Hz; and between the drillings 16:75±5 Hz. In a
real context, the monitoring could be done observing frequency
changes of the Gaussian peak; which can be inﬂuenced by two
mechanical parameters such as mass or geometry variation.
4. Conclusions
In this paper, we presented a potential application of the electromechanical impedance technique in a biomedical ﬁeld. We
aimed at developing new methodology for measuring the stiffness
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Fig. 8. Variation in frequency after drilling A and B.

variations in different supporting substances in which a canine was
embedded. The proposed procedure for the experiments simulated
a canine in a bone structure and it sets the stage for future applications. The performed experiments showed that the stiffness
variations can be observed in frequency as well as identiﬁed and
quantiﬁed with the measurements of the BBPS device. Therefore, in
a clinical context, we perceived an opportunity to study bone
density occurring in alveolar bone using a low cost-effective noninvasive method. However, many experimental aspects should be
improved to diminish the errors induced in the proposed
experiments.
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